Objective The objective of this study was to estimate the relative cost effectiveness for the full range of uterotonic drugs available for preventing postpartum haemorrhage (PPH). Methods A model-based economic evaluation was constructed using effectiveness data from a network meta-analysis, and supplemented by the literature. A UK National Health Service (NHS) perspective was adopted for the analysis, which is based on UK costs from published sources. The primary outcome measure is cost per case of PPH avoided (≥ 500 mL blood loss), with secondary outcome measures of cost per case of severe PPH avoided (≥ 1000 mL) and cost per major outcome (surgery) averted also being analysed. Results Carbetocin is shown to be the most effective strategy. Excluding adverse events, 'ergometrine plus oxytocin' was shown to be the least costly strategy. The incremental cost-effectiveness ratio for prevention of PPH with carbetocin compared with prevention with 'ergometrine plus oxytocin' was £1889 per case of PPH ≥ 500 mL avoided; £30,013 per case of PPH ≥ 1000 mL avoided; and £1,172,378 per major outcome averted. Including adverse events in the analysis showed oxytocin to be the least costly strategy. The incremental cost-effectiveness ratio for prevention of PPH with carbetocin compared with prevention with oxytocin was £928 per case of PPH ≥ 500 mL avoided; £22,900 per case of PPH ≥ 1000 mL avoided; and £894,514 per major outcome averted. Conclusion The results suggest carbetocin, oxytocin and 'ergometrine plus oxytocin' could all be favourable options for being the most cost-effective strategy for preventing PPH. Carbetocin could be the preferred choice, especially if the price of carbetocin decreased. Mixed findings mean a clear-cut conclusion cannot be made as to which uterotonic is the most cost effective. Future research should focus on collecting more robust evidence on the probability of having adverse events from the uterotonic drugs, and on adapting the model for low-and middle-income countries. 
Introduction
Postpartum haemorrhage (PPH) is a leading cause of maternal death worldwide [1] . PPH is defined as blood loss ≥ 500 mL from the genital tract within the first 24 h of birth [2] , and maternal death is defined as the death of a woman while pregnant or within 42 days of termination of the pregnancy [3] . Uterotonic drugs administered at the birth of the baby are routinely recommended for the prevention of PPH for all women, but there is uncertainty over which uterotonic drug is best. Currently, in the UK [4] and globally [5] , oxytocin is recommended for preventing PPH due to its relatively high effectiveness, relatively low incidence of adverse effects and low price.
A handful of other uterotonic drugs and combinations of uterotonic drugs are available, with properties lacking in oxytocin. For example, oxytocin requires refrigeration, which is not possible in some low-and middle-income country (LMIC) settings. Currently, misoprostol is recommended where oxytocin is unavailable [5] , as misoprostol is heat stable and administration is easy, in the form of a tablet. Carbetocin is a synthetic, heat-stable version of oxytocin, with a similar side-effect profile [6, 7] , which could make it a favourable alternative to oxytocin.
A few studies have compared the cost effectiveness of a single alternative uterotonic drug with standard care for the prevention of PPH [8] [9] [10] [11] [12] [13] [14] . A recent UK study found the uterotonic drug carbetocin to be cost saving compared with current practice oxytocin [15] , but there are no published studies exploring more than two uterotonic drugs or any ranking of cost effectiveness for multiple uterotonic drugs.
In this paper, we report the results of a model-based economic evaluation using effectiveness data from a network meta-analysis (NMA) [16] ; alongside these, data on costs and resource use were collected prospectively. The objective of this economic evaluation was to compare the relative cost effectiveness of the full range of uterotonic drugs available for the prevention of PPH, for women delivering by vaginal delivery. The risk of a women having PPH differs depending on mode of delivery [17, 18] . Only women giving birth by vaginal delivery were included in this study. A separate analysis for caesarean section delivery is reported elsewhere [16] .
Methods
A model was constructed to facilitate all the relevant comparisons in order to determine the most cost-effective uterotonic drug for the prevention of PPH. The analyses were carried out from the perspective of the UK National Health Service (NHS), as this was a UK-funded study. The primary outcome measure was cost per case of PPH avoided (≥ 500 mL blood loss). Secondary outcome measures of cost per case of severe PPH avoided (≥ 1000 mL) and cost per major outcome (surgery) averted were also analysed. The results are presented in terms of the incremental cost-effectiveness ratio (ICER), namely the additional cost per case of PPH ≥ 500 mL avoided; additional cost per case of severe PPH ≥ 1000 mL avoided; and additional cost per major outcome averted.
Model Structure
A decision tree model was developed to represent the alternative strategies. The pathways of the model follow national guidelines [4, 19] and were finalised using expert opinion from within the research study team. The pathways represent, as far as possible, the clinical steps carried out in a UK hospital in the event of PPH. The clinical pathways on which the decision tree is based are presented in Fig. 1 . The full model structure is available in Appendix 1.
The model commences when women are approaching the third stage of labour, where the third stage of labour is defined as the period of time after the birth of the baby and before removal of the placenta and membranes [20] . At the prevention stage (Stage 0) of the model, women are given one of six active prevention strategies: carbetocin, ergometrine, 'ergometrine plus oxytocin', 'misoprostol plus oxytocin', misoprostol, and oxytocin.
It is assumed that after receiving a particular prevention strategy at stage 0, a woman will have a probability of either bleeding (PPH ≥ 500 mL) or experiencing no PPH. If a woman shows signs of continuing to bleed, she may require further treatment. Following WHO and UK guidelines [4, 5, 19] , it is possible that in some cases where a uterotonic drug has been given for prevention, it will be given again as treatment for PPH.
If, after the prevention stage, a woman continues to bleed, she will follow a consecutive series of four treatments. Each one is an attempt to stop the bleeding. The stages are as follows: 
Adverse Events
After receiving a drug for either prevention or treatment of PPH, a woman has a chance of having an adverse event.
Adverse events considered possible in the model included nausea, vomiting, tachycardia, hypotension, hypertension, headache, fever, shivering, and abdominal pain. This is the complete list of adverse events found in the NMA. The probability of a woman having adverse events and the associated costs were included in the models as weighted averages. The costs are incurred after the woman has been given a uterotonic drug to prevent or treat PPH. The third stage of labour can differ depending on mode of delivery. Given this, the current study was carried out for vaginal delivery only, which applies to the vast majority of births (75%) [21] .
Effectiveness Data
The effectiveness data are presented in Table 1 . The effectiveness data required for the model were based on the results of the trials sourced from the NMA [16] . The NMA was comprised of 137 studies and 87,466 women. Where necessary, data were supplemented by other published literature. No data were available in the NMA for the effectiveness of treatment stages 2, 3 and 4. These were sourced from the literature [22] [23] [24] [25] .
The NMA reported relative probabilities. For the health economic analysis, absolute probabilities were required. This required transforming the relative probabilities by using one main comparator. Oxytocin was deemed a suitable main comparator in the base case because it is currently recommended for prevention of PPH in the UK [4] , and because the NMA revealed a large number of studies comparing oxytocin with an alternative strategy, so data around the oxytocin strategy was considered to be the most robust.
The main clinical outcomes from the NMA were defined by blood loss ≥ 500 mL and ≥ 1000 mL. It was assumed that preventing PPH ≥ 500 mL meant non-progression beyond Stage 0 in the model, and correspondingly preventing PPH ≥ 1000 mL meant treatment at Stage 1 of the model, but no further treatment had been given.
Given all women in the model are exposed to prevention and treatment for PPH, the probability of death in the model is zero.
The probabilities of experiencing adverse events were sourced from the NMA [16] . Full details are presented in Appendix 2. The data for adverse events was not complete, and so assumptions were required to complete the dataset (see Sect. 2.5.2).
Resource Use and Costs
The study uses UK unit costs, as the current study is hosted and funded by UK research money. All costs sourced are reported in 2016 UK prices, having been appropriately inflated if necessary [26] . Key costs are presented in Table 2 .
Delivery costs [27] were incurred at the start of the model. Standard practice dosage and routes of administration Table 1 Effectiveness data a Probabilities of success are absolute probabilities converted from relative probabilities from the network meta-analysis (NMA), relative to the oxytocin arm. Oxytocin was deemed most suitable as the main comparator in the base case. The NMA revealed a large number of studies comparing oxytocin with an alternative strategy, so data around the oxytocin strategy was considered to be the most robust b Standard errors shown are the standard errors for their respective relative probabilities. Where no standard errors for probabilities were provided in the literature estimates, they were calculated as a tenth of one minus its value [33] c The effectiveness of treatment stage 4 (surgery) was based on a literature estimate for hysterectomy. Different surgical procedures can be carried out to treat postpartum haemorrhage (PPH) (laparotomy, B-Lynch suturing technique [brace suture]), but as a hysterectomy is the procedure usually used as a life-saving measure for PPH [23, 25] [23] were identified for each uterotonic drug (see Table 2 ), via the study team, and unit costs were taken from published sources [28, 29] . The total cost for the balloon tamponade procedure was £1280.42 (Table 2 ) [27] . A hysterectomy cost was £3780.40 (Table 2 ) [27] . It was assumed that a woman requiring treatment at Stage 4 (surgery, having already had a failed attempt at balloon tamponade) will remain in theatre throughout Stages 3 and 4. In order to avoid duplication of some costs by summing these procedures, women who ultimately required the more serious intervention of hysterectomy incurred only half of the cost for a balloon tamponade. British National Formulary [29] The assumed lengths of hospital stay were based on blood loss and are based on real data from Birmingham Women's Hospital, UK, and supplemented by published literature [30] (Appendix 4). The associated cost attached to an extra day in hospital was £440.49 (Table 2) .
Treatments for adverse events in their worst case were sought via expert opinion, which consisted of a team of five obstetricians. The experts' opinions were put forward and debated and discussed until consensus was reached to which they could all comply. The obstetricians were part of the research team.
Other resource implications and costs would be associated with blood transfusion [31] . Based on expert opinion, two units of blood were assumed to be given to women reaching treatment Stage 3 and an additional two units of blood were assumed to be given to women reaching treatment Stage 4 of the models.
A full breakdown of how unit costs were calculated is provided in the Appendices (Appendix 3 and Appendix 5).
Assumptions
In addition to those already described, several assumptions were required in order to develop a workable model. These are described below. All assumptions were agreed and finalised within the clinical research team prior to the analysis.
Model Structure
1. No routine uterotonic drug for PPH has been administered to women prior to them entering the model. 2. All prevention strategies (Stage 0) are followed by the same stages of treatment (Stages 1-4), except for where misoprostol is given for prevention, either alone or as part of a combination drug. Following expert opinion, misoprostol may not be given for treatment if it has already been given for prevention of PPH. In the case where misoprostol has been given for prevention, and the patient requires Stage 2 treatment (carboprost and misoprostol), the patient will forgo the misoprostol and only receive carboprost. Misoprostol is not replaced by another drug or form of treatment. 3. After 'no PPH', 'bleeding stops' and 'survive' pathways, women will return to full health. 4. A chance of death can only occur after treatment Stage 4. 5. All births are assumed to take place in an obstetric unit, where appropriate treatment for PPH is readily available should the women require it. This is true of 87% of births in the UK [21] . 6. The model runs for the immediate postpartum period only.
Adverse Events
1. Based on the evidence from the NMA and pharmacological knowledge, it was assumed that the adverse event profile of carbetocin and oxytocin is similar. Similarly, the adverse event profile of 'ergometrine plus oxytocin' was assumed to be similar to ergometrine, and the adverse event profile of 'misoprostol plus oxytocin' to be similar to misoprostol alone. 2. If data were missing for carbetocin, but available for oxytocin, then the probability for the adverse event was based on oxytocin. This reasoning was applied to other similar uterotonic agents. 3. If data were missing for both uterotonic agents with the same adverse events profile (e.g. data were missing for both carbetocin and oxytocin), then an average of the probabilities available for that side effect was used. Ergometrine is commonly known to be associated with a high level of all side effects, with the exceptions of fever and shivering. So uterotonic drugs containing ergometrine were removed from the averaging process, apart from when considering fever and shivering. Misoprostol is commonly known to be associated with fever and shivering [32] , so uterotonic drugs containing misoprostol were removed from the averaging process for these adverse events.
Cost and Resource Use
1. Costs for uterotonic drugs were assumed to be standard across the model. That is, they are assumed to carry the same cost, regardless of whether they are given for prevention or treatment. 2. Costs for administration of treatment (i.e. staff time)
were assumed to be included in delivery costs and excess bed-day costs. Administration costs were assumed to be broadly captured by the cost of delivery (Appendix 3). No extra staff costs were therefore attached to treatment costs of PPH. 3. An outcome of death assumed no excess bed-day costs. 4. The effectiveness of treatments used for adverse events were assumed to be 100% successful. 5. The cost of treatment for adverse events, as a weighted average, was attached to every outcome of the model, except death. That is, unless a woman died, she would incur costs for treatment for adverse events, based on the probability that an adverse event occurs.
Analysis
Two alternative analyses were carried out. Because of the multiple missing data for adverse events, analysis was carried out including and excluding adverse events. Each analysis was carried out for the following three outcome measures:
(a) Cost per case of PPH ≥ 500 mL avoided. (b) Cost per case of PPH ≥ 1000 mL avoided. (c) Cost per major outcome averted, where a major outcome refers to treatment stage 4 of the model (surgery).
Analysis 1
Analysis 1 was a deterministic analysis of the relative cost effectiveness for a range of uterotonic drugs for the prevention of PPH for vaginal delivery. This analysis excludes any information on adverse events. The results are presented as ICERs.
Analysis 2
Analysis 2 was a deterministic analysis similar to Analysis 1, but adverse events were included in this analysis.
Sensitivity Analyses
A probabilistic sensitivity analysis (PSA) was carried out to explore the uncertainty of the model input data. In PSA, distributions are assigned to all uncertain model parameters, and by drawing randomly from these distributions, a large number (10,000) of mean cost and effectiveness estimates are generated. These estimates are used jointly to form an empirical distribution of the differences in cost and effectiveness of interventions. A normal distribution was fitted to absolute probabilities, and a beta distribution was fitted to model uncertainty in relative probabilities used in the model [33] . There is no uncertainty around unit costs so no distribution was fitted. Resource use is uncertain and so costs including resource use have a confidence interval. Only point estimates for uncertain costs were available in the literature, and in these cases a gamma distribution was fitted, and the widest possible uncertainty applied [33, 34] . The PSA was carried out for Analysis 2, based on the outcome measure of 'cost per case of PPH ≥ 500 mL avoided' only. The majority of the carbetocin trials included in the NMA consist of a small sample population [16] . Carbetocin is the most effective strategy, and is known to have a favourable adverse event profile, similar to oxytocin [6, 7] . However, carbetocin has a much higher unit cost than the other uterotonic drugs. A threshold analysis was therefore carried out to see the effect on the results if the price of carbetocin was lowered.
Results
We report the results for the separate analyses according to the outcome upon which the analysis was based (outcome measures a, b, c). The results of the analyses are summarised in Table 3 .
Analysis 1
Deterministic analysis exploring the relative cost effectiveness for a range of uterotonic drugs for the prevention of PPH for vaginal delivery. Adverse events are excluded from this analysis.
(a) 'Ergometrine plus oxytocin' is the least costly prevention strategy with an average cost of £2538 per woman ( Table 3 ). The strategy in which carbetocin is given as the uterotonic drug for prevention is the most effective, and 'ergometrine plus oxytocin' is the second most effective strategy. All other prevention strategies are dominated by 'ergometrine plus oxytocin', as they are both more costly and less effective than 'ergometrine plus oxytocin'. The estimated ICER for prevention with carbetocin compared with prevention with 'ergometrine plus oxytocin' was £1889 per case of PPH ≥ 500 mL avoided. This means that every additional case of PPH ≥ 500 mL avoided by using carbetocin over 'ergometrine plus oxytocin', costs an extra £1889 (Table 3) . (b) For the outcome in terms of PPH ≥ 1000 mL avoided, the results in an ICER for prevention with carbetocin compared with prevention with 'ergometrine plus oxytocin' was £30,013 per case of PPH ≥ 1000 mL avoided (Table 3) . (c) For the outcome measure of major outcome averted, the ICER for prevention with carbetocin compared with prevention with 'ergometrine plus oxytocin' was £1,172,378 per major outcome averted (Table 3) .
Analysis 2
Adverse events are included in this analysis.
(a) Oxytocin is the least costly prevention strategy with an average cost of £2618 per woman (Table 3) . Carbetocin is the most effective strategy, and oxytocin is the fourth most effective strategy. All other prevention strategies are dominated by carbetocin as the strategy of carbetocin is relatively more effective and less costly. The ICER for prevention with carbetocin compared with prevention with oxytocin was estimated to be £928 per case of PPH ≥ 500 mL avoided.
(b) For the outcome in terms of PPH ≥ 1000 mL avoided, the ICER for prevention with carbetocin compared with prevention with oxytocin was £22,900 per case of PPH ≥ 1000 mL avoided. (c) For the outcome measure of major outcome averted, the ICER for prevention with carbetocin compared with prevention with oxytocin was £894,514 per major outcome averted.
Sensitivity Analysis

Probabilistic Sensitivity Analysis (PSA) of Analysis 2
The cost-effectiveness acceptability curve (CEAC) shows the probability that each intervention is cost effective, compared with the alternative, for a range of values of the maximum acceptable ceiling ratio [35] . As the willingness-to-pay (WTP) per PPH ≥ 500 mL avoided tends to infinity, the probability that carbetocin is cost effective compared with oxytocin tends to 95%. The difference in probabilities over the WTP reflects some uncertainty in the model. The CEAC for leading strategies carbetocin and oxytocin is presented in Fig. 2. 
Threshold Analysis (Lowering the Price of Carbetocin)
The results of the threshold analysis are presented in Table 4 . In Analysis 1, the leading strategies are carbetocin and 'ergometrine plus oxytocin'. When the price of carbetocin is lowered from £17.64 to £3.88, carbetocin becomes the dominant strategy (least costly and most effective).
In Analysis 2, the leading strategies are carbetocin and oxytocin. Lowering the price of carbetocin made no difference to the results in this analysis, because the results were most sensitive to adverse events. The low costs attached to adverse events for oxytocin, compared with the adverse events of carbetocin, resulted in oxytocin always being a leading strategy.
Additional One-Way Sensitivity Analyses
Additional one-way sensitivity analyses were conducted that changed the cost of treatment stage 4 (surgery) and the effectiveness of treatment stage 2 (carboprost). These are not reported as they showed no difference to the results.
Discussion
This study explores the relative cost effectiveness for the full range of uterotonic drugs at preventing PPH in all women having a vaginal delivery. In this study, limited data around adverse events meant that two analyses were required: one analysis excluding adverse events (Analysis 1), and a second analysis including adverse events, using best available data supplemented by assumptions (Analysis 2).
Both analyses show that carbetocin is the most effective prevention strategy. In Analysis 1, 'ergometrine plus oxytocin' is the least costly prevention strategy, and the ICER for prevention with carbetocin compared with prevention with 'ergometrine plus oxytocin' was estimated to be £1889 per case of PPH ≥ 500 mL avoided; £30,013 per case of PPH ≥ 1000 mL avoided; and £1,172,378 per major outcome averted.
In Analysis 2, oxytocin is the least costly prevention strategy. The respective ICERs for prevention with carbetocin compared with prevention with oxytocin was estimated to be £928 per case of PPH ≥ 500 mL avoided; £22,899.57 per case of PPH ≥ 1000 mL avoided; and £894,514 per major outcome averted.
The leading strategies across both analyses were carbetocin, oxytocin and 'ergometrine plus oxytocin'.
'Ergometrine plus oxytocin' and carbetocin were the leading strategies in Analysis 1, where no adverse events were included. However, there are reservations around the use of ergometrine for the prevention of PPH because of its relatively higher prevalence of adverse events and its known correlation with an increased risk of stroke [36] , which is strongly associated with hypertension. The threshold analysis showed lowering the cost of carbetocin to £3.88 per dose would make carbetocin the dominant strategy. But, as a result of the relatively high prevalence of adverse events for ergometrine, in reality carbetocin is likely to perform relatively better than suggested in Analysis 1 and in the threshold analysis.
In Analysis 2 (adverse events included), oxytocin and carbetocin were the leading strategies. The threshold analysis (lowering the cost of carbetocin) showed no effect here, displaying that oxytocin was a leading strategy in this analysis because of its favourable adverse events profile, relative to the other uterotonic drugs. Overall, in Analysis 2, the costs associated with adverse events from oxytocin were lower than the costs associated with adverse events from carbetocin. The adverse events data for carbetocin were incomplete. It is unclear how robust these limited data are on adverse events associated with carbetocin. In this study, the adverse events attached to carbetocin are shown to be worse than adverse events attached to oxytocin. However, in the published literature, carbetocin is found to have a similar adverse events profile to oxytocin [6, 7] , and so in reality, carbetocin is likely to perform slightly better than suggested in Analysis 2.
PPH is a leading cause of maternal death worldwide [1] ; however, in the model no one died, because women were assumed to follow a series of treatments in an attempt to stop bleeding. There is a small risk of death if the woman reaches treatment stage 4 (surgery), but the surgical procedure would Fig. 2 Cost-effectiveness acceptability curve between prevention strategies oxytocin and carbetocin, using distributions around the accuracy data stop the bleeding, so any risk of death is associated with complications arising from surgery.
A strength of this analysis is that it is the first modelbased economic evaluation to compare the cost effectiveness of six different active strategies for preventing PPH. By using effectiveness data from an NMA, it is ensured that the pooled effectiveness data is a good reflection of the effectiveness of the prevention strategies, as opposed to a randomised control trial that may have several biases attached.
A limitation is that data were missing from the NMA. Attempts were made to make missing probabilities as accurate as possible, and the impact of adverse events was explored in the PSA. There is some uncertainty around the accuracy of the length of hospital stay data, as this was collected from only one hospital, because it was not available from the NMA. It was beyond the scope of the paper to analyse comparisons for different dosages of uterotonic drugs or different routes of administration. A further limitation is that the outcomes of the study are in natural units as quality-of-life information was not available in this analysis. This makes the results difficult to interpret as there is no explicit acceptable cost-effectiveness threshold.
This study takes the perspective of the UK NHS and, based on secondary data, it is not possible to present a wider perspective. The study may be generalizable to other highincome country settings where available resources and relative costs are similar to the UK. The results of this study may not be generalizable to some LMIC settings where resources are limited. However, rates of morbidity and mortality from PPH are much higher in LMICs [37] , and this information is highly relevant for LMIC settings. Future research could adapt this model and its use of the effectiveness data, which relates to globally synthesised data, in the meta-analysis to carry out a cost-effectiveness analysis from an LMIC perspective. The choice of uterotonic drugs used in such an analysis should be considered as well as the availability of resources. For example, oxytocin requires cold chain storage, which may not be feasible in some LMIC settings.
Van der Nelson et al. [15] recently published a study exploring the cost effectiveness of carbetocin versus oxytocin for the prevention of PPH, but for caesarean section only, and presented a lower mean cost per woman compared with the current analysis. We cannot directly compare the results of this study and the results of the study by van der Nelson et al. because this study is for vaginal delivery only and van der Nelson et al. considers caesarean section only. Delivery costs are included in this study but not included in van der Nelson et al., which may be a contributing factor in the relatively lower mean cost per woman found in van der Nelson et al. Adverse events are also not included in van der Nelson's model, which may be an additional contributing factor to the lower mean cost per woman.
Since the network meta-analysis was carried out, evidence was published showing that tranexamic acid is an effective treatment for PPH [38] . This study is concerned with the prevention of PPH and thus including tranexamic acid as a treatment in each prevention strategy of the model is unlikely to impact on the relative cost effectiveness of the prevention strategies.
Conclusion
Given WHO and UK guidelines recommend uterotonic drugs for the prevention of PPH, the results of this study suggest that UK current practice (oxytocin), carbetocin and 'ergometrine plus oxytocin' are the preferred strategies based on their relative cost effectiveness. Because of its high effectiveness and low incidence of adverse events, carbetocin could be the favoured uterotonic, especially if the price of carbetocin was reduced. Mixed findings across the analyses means that the findings of this study are insufficient on their own to dictate changes in practice. Future research should focus on gaining more concrete evidence on the adverse events attached to uterotonic drugs, as the model was sensitive to the costs applied to adverse events. Future research should also focus on adapting this model structure for LMICs, where rates of mortality and morbidity from PPH are much higher.
Data Availability Statement
All data is in the public domain and available in the forthcoming Health Technology Assessment (HTA) monograph, or in published literature, as cited in the paper. The value in bold is the cost used in the economic analysis
